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g Acceleration due to Gravity
L p Backflow Upstream Penetration from Leading Edge
ṁin Inlet Mass Flow
NPSH Net Positive Suction Head
P Total Pressure
Pinlet Inlet Total Pressure
Pvapor Vapor Pressure
T SH Thermodynamic Suppression Head
Tt Total Temperature
Utip Inducer Blade Tip Speed
ρ Density
φ Flow Coefficient, ṁinlet /(ρALE Utip )
2 )
ψ Head Coefficient, (Poutlet − Pinlet )/(ρUtip

ABSTRACT

Performance improvements in turbopump systems
pumping cold water have been obtained through implementation of a recirculation channel called a stability control
device. However, many turbopump systems use liquid hydrogen as the working fluid. Additional thermodynamic effects present in liquid hydrogen at low temperatures (∼ 20
K) can limit cavitation formation and improve performance
in liquid rocket turbopump systems. The performance benefits of an an inducer with and without an SCD using liquid
hydrogen as the working fluid are considered here. Numerical simulations at both on and off design flow coefficients
are performed to determine how the thermodynamic effects
of cavitation at cryogenic temperatures affect SCD performance. Marginal head improvements are apparent with
SCD implementation, but only at ∼ 60% of the design flow
coefficient. Additionally, a stabilizing effect with SCD utilization is observed at all considered flow coefficients and
corresponds to a reduction in backflow caused by the SCD.
The SCD widens the operating range of the inducer, as the
inducer is able to operate stably at flow coefficients far below design.

INTRODUCTION

Inducers are often placed just upstream of a centrifugal
pump to improve cavitation performance. Figure 1 depicts
a typical three blade flat plate inducer. While cavitating
inducers are designed to operate with vapor cavities on the
suction surfaces of the blades, cavity growth beyond the
considered design point can reduce pump head and impart
undesirable rotordynamic forces to the inducer.
At the cryogenic working temperatures (∼ 20 K) of liquid hydrogen, fluid properties vary significantly with small
changes in temperature, and cavity formation introduces
thermal effects. At these temperatures, the ratio of liquid
to vapor density is low which requires a greater mass of
liquid to vaporize to form a cavity. This emphasizes the ef-
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Experimental studies exploring thermal effects of cavitation and cavitation performance under cryogenic conditions have long been available [5–13], and attempts have
been made to predict TSH values for various fluids in
pumps [13, 14]. An empirical derivation of TSH in liquid hydrogen as a function of temperature has been developed and is shown in Eq. 3, where Tt is the total temperature [14]. While useful in determining the magnitude of
TSH and the corresponding NPSH, this function provides
no estimation of cavity formation or growth.

T SHLH2 = 0.415(Tt − 20.0)2

(3)

FIGURE 1: Typical three blade flat plate cavitating inducer.

It is only recently that efforts to simulate cryogenic
cavitation using computational fluid dynamics (CFD) have
been made [1, 15–19]. These efforts have resulted in
a multi-element unstructured numerical framework called
CRUNCH CFD [19]. This code solves the energy equation
for a multiphase mixture in conjunction with a mass and
momentum conservation, while considering the evaporative cooling effects of cavitation [15], and has been shown
to slightly under predict cavitation performance of an inducer with liquid hydrogen as the working fluid [16]. However, considering the complexity of the problem, and the
sensitivity of the inducer to small changes in flow rate, the
agreement between CRUNCH CFD and experimental results is reasonably good, and provides an improved analysis of the problem when compared to simple cold water
CFD simulations.
Despite the improved cavitation performance at cryogenic temperatures due to TSH, additional cavitation instabilities develop when an inducer operates below the design
flow conditions of the pump. The additional cavitation instabilities introduce unstable flow conditions and large rotordynamic forces which can reduce performance and potentially cause pump failure [4]. Efforts have been made to
combat additional cavity formation at off-design flow conditions. One such attempt is a recirculation channel called
a stability control device (SCD) that samples high pressure
fluid from a slot just downstream of the inducer leading
edge and re-injects the fluid into the core flow upstream. It
has been shown that SCD utilization can significantly improve inducer performance while allowing the pump to operate far below the design flow condition [20–24]. However, these studies have used water as the working fluid,

fects of evaporative cooling, which reduces mean fluid temperature, effectively suppressing cavitation and improving
pump performance, as fluid properties are a strong function of temperature under cryogenic conditions [1]. This is
known as thermodynamic suppression head (TSH) [2–4].
TSH is further defined using Eq. 1 where NPSH is the net
positive suction head, defined in Eq. 2, and is a measure of
excess fluid total pressure above fluid vapor pressure.

(NPSH)available = (NPSH)ideal f luid + T SH

NPSH =

P − Pvapor
ρg

(1)

(2)

Due to the complexity and cost of working with cryogenic fluids, much of the work done to understand the effects of cavitation on the performance of inducer systems
in liquid rocket turbopumps has been performed with cold
water as the working fluid. Cold water does not exhibit
the thermal effects corresponding to significant changes in
fluid properties with marginal temperature changes, and
provides at best an estimation of inducer performance under cryogenic conditions. Understanding and accurately
simulating the thermal effects of cavitation in cryogenic
fluids is necessary for the proper design of liquid rocket
turbopump systems.
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the computational cost is significantly lower, and the simpler formation is more robust [25]. This is critical to resolve the full 3D flow field of such a complex problem.
The steady Reynolds-averaged Navier-Stokes equations are
solved with the standard high Reynolds number form of the
k-ε equations to model turbulence. To handle cavitation, a
simple finite rate model is employed.
The inducer computational domains are defined by
meshes generated in Autogrid. The meshes have 10.7 ∗ 106
and 12.9 ∗ 106 cells for the baseline inducer and the inducer with an SCD, respectively, with refinement near the
inducer blades. The cell count difference stems from the
additional computational domain volume due to the SCD
and the additional refinement near the SCD inlet and outlet. The average y+ for value for the baseline inducer was
68, and 55 for the inducer with the SCD. Cross sections of
the inducer meshes with and without the SCD are included
in Fig. 2. Convergence was determined case by case by
evaluating the solution monitors of inlet mass flow, outlet
mass flow, inlet total pressure, head coefficient, and rotordynamic forces of the inducer blades.

and have neglected the thermal effects of cavitation at cryogenic temperatures. Simulating inducer performance with
an SCD using CRUNCH is a novel effort that offers a more
realistic view of the effects resulting from SCD implementation.
The purpose of this work is to determine the effectiveness of SCD utilization on an inducer with liquid hydrogen
as the working fluid, while considering the rapid change
in fluid properties with temperature, and the corresponding
thermal effects of cavitation.

METHODS

A three bladed flat plate helical inducer with a tip helix angle of 80.6◦ as measured from the axis of rotation is
the subject of numerical simulations here. The inducer tip
diameter is 12.65 cm and has a hub to tip ratio of 0.5. Tip
and hub diameters are constant along the rotor. Note this
inducer matches that tested by Meng and Moore [5], who
provide experimental cavitation performance results in liquid hydrogen, which are used to verify the accuracy of the
numerical CFD simulations.
The multi-element unstructured numerical framework
CRUNCH CFD 3.0.0 was used to simulate the inducer flow
over a range of flow coefficients (φ = 0.117, 0.107, 0.097,
and 0.07) at an inlet temperature of 21.1 K and a rotational
speed of 30, 000 RPM. Flow coefficients of φ = 0.117 and
φ = 0.107 were used to compare to experimental data to
determine the validity of the numerical simulations.
SCD effectiveness is limited near the design flow coefficient, but can suppress cavitation instabilities and allow for stable operation at flow coefficients far below design [20, 23]. φ = 0.097 was simulated to test SCD effectiveness below design. Only two SCD simulations were
completed for φ = 0.097, as this flow point was not far
enough below design to exhibit the desired increase in cavitation volume. Therefore, φ = 0.07 was also simulated,
which is far below the design point, and is much lower than
any flow coefficient tested by Meng [5].
CRUNCH CFD has a variety of solver modules. For
this work, the incompressible module was used. The incompressible module neglects density changes and work
due to pressure. Instead, density changes are a function of
cavitation and fluid property variation due to thermal effects [25]. This provides two distinct advantages to a more
general and complete compressible formulation, namely

RESULTS

Test data taken from Meng [5] is used to benchmark
simulation accuracy. CRUNCH non cavitating simulation
data for both SCD and no SCD geometries is shown with
the experimental head-flow curve data from Meng [5] in
Fig. 3. At all flow coefficients, the CRUNCH no SCD
head coefficient is within 23% of the corresponding experimental head coefficient. Additionally, the SCD head coefficient is within 7% of the no SCD head coefficient at all
φ > 0.097 with the no SCD head value being greater than
the SCD value. However, at φ = 0.07, the SCD head coefficient is 5% greater than the no SCD head coefficient,
suggesting the SCD benefits of improved performance and
stability extend to cryogenic fluids.
Cavitating performance curves illustrating inducer cavitation breakdown are shown in Fig. 4. Experimental
data for the no SCD inducer at φ = 0.117 and φ = 0.107
are shown as solid and dashed lines in Fig. 4 respectively. Overall agreement between the CRUNCH and experimental results is reasonable. The simulation data profiles reasonably match the experimental data profiles, although magnitudes differ. At φ = 0.117, CRUNCH under predicts ψ for NPSH > 200 by 34%. However, the
3

ity of breakdown curve shapes between experimental data
and CRUNCH simulations seen in Fig. 4. Based on the
φ = 0.117 and φ = 0.107 results, we can have reasonable
confidence in the φ = 0.097 and φ = 0.07 results, for which
no experimental data is available.
At φ = 0.117, head rise produced by the inducer with
no SCD is 11% greater than that produced by the inducer
with the SCD above a NPSH of 200. Below this NPSH, the
difference grows to 43% increase over the SCD head rise.
A similar trend is seen for φ = 0.107. The inducer with no
SCD produces a head rise 5% greater than that produced
by the inducer with an SCD above an NPSH of 160. Below
this NPSH, the difference increases to 40%. These flow
points are near the design point, and is not where the SCD
is designed to improve performance.
The difference between the SCD and no SCD head coefficients is reduced at φ = 0.097. Near the breakdown
point, the inducer with no SCD produces a head rise 24%
greater than that produced by the SCD. This flow coefficient is only slightly below design, and the performance
benefits of the SCD are still not apparent.

(a) Unmodified inducer.

(b) Inducer modified with a stability control device.
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FIGURE 2: Considered inducer geometries and corre-
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sponding meshes.

NPSH at which the inducer starts to break down predicted
by CRUNCH is within ∼ 1% of the experimental value.
While simulated head coefficient and NPSH magnitudes
would surely differ from experimentally obtained results,
this data provides a relative comparison between an inducer
with and without an SCD. In this way, we can determine
the usefulness of an SCD while considering the thermodynamic effects of cavitation.
A different trend is seen at φ = 0.107. CRUNCH under predicts ψ for NPSH > 190 by only 2%, which is an
improvement over the φ = 0.117 result. However, at this
flow coefficient, CRUNCH over predicts the NPSH where
breakdown begins by ∼ 36%.
These are not unreasonable deviations from the experimental data, and a similar head coefficient under prediction and breakdown NPSH over prediction were noted by
Hosangadi [16] for a similar inducer although they did not
consider a SCD. The more important result is the similar-
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FIGURE 3: Non cavitating performance curve of the con-

sidered inducer over the range of considered flow coefficients. Experimental results from Meng [5] are compared
to CRUNCH CFD results for both SCD and no SCD configurations.
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FIGURE 4: Cavitation breakdown curves for all considered flow coefficients. Experimental results from Meng [5] are

compared to CRUNCH CFD results for both SCD and no SCD configurations for ψ = 0.117 and ψ = 0.107. Meng did not
test the inducer at 21.1 K for ψ = 0.097 or ψ = 0.07.
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RMS Force Coefficient

It is only with a large decrease to ∼ 60% of the design
flow coefficient that we see a performance improvement
due to the SCD. As this is still a work in progress, only
one data point has been completed for the inducer with no
SCD at φ = 0.07. The completed CRUNCH data points
represent the culmination of hundreds of hours of simulation setup and run time. Additional points in the φ = 0.07
no SCD curve at NPSH < 500 became unstable and did
not reach a converged solution. This could mean that the
flow field in the no SCD inducer becomes too unstable and
the pump cannot run at this flow coefficient, or it could be
a simulation setup error. Additional work to determine the
cause of the no SCD simulation failure at φ = 0.07 is ongoing, but it is more likely simulation divergence is indicative
of pump failure. However, the single no SCD data point
is still valuable and hints at the trend that will be apparent
with the full breakdown curve, should it be possible. At this
flow point, the inducer with the SCD produces a 5% greater
head rise near an NPSH of 400 where head rise difference
between the two inducer geometries is minimal. Based on
the improvement at high NPSH and the breakdown curves
for the other flow coefficients, it seems likely that in breakdown the inducer with an SCD will produce a significantly
higher head rise at lower NPSH, and delay the breakdown
NPSH.
SCD implementation has also been shown to reduce
rotordynamic forces that can lead to structural failure [23].
Figure 5 shows the root mean square (RMS) force coefficient of the rotordynamic radial forces on the inducer as a
function of NPSH. All flow coefficients below φ = 0.117
exhibit trends similar to the previously discussed breakdown curves. That is, forces remain reasonably consistent
until NPSH decreases to a certain point, below which forces
decrease.
This trend is not seen at φ = 0.117. For the no SCD
inducer at φ = 0.117, forces increase as NPSH decreases
until a NPSH of ∼ 250, below which forces decrease until a NPSH of ∼ 160, and then sharply increase. The SCD
inducer at φ = 0.117 exhibits a completely different trend,
where NPSH decreases until ∼ 260, below which forces
sharply increase. The differences in these trends are overstated with a logarithmic y-axis, as force coefficient magnitude is very low for both geometries at this flow coefficient.
Very little difference between the SCD and no SCD inducers is seen as force coefficient magnitude is very low.
As flow coefficient decreases to φ = 0.107, the RMS
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FIGURE 5: Root mean square of rotordynamic force curves

for all considered flow coefficients. At all flow coefficients
below φ = 0.117, SCD implementation reduces rotordynamic forces on the inducer.
force coefficient exhibits an average increase of 150% for
the case with no SCD and ∼ 180% for the SCD case, although this increase is hard to quantify as force coefficient
varies significantly. At this flow coefficient, the stabilizing
effects of the SCD are evident. The inducer with no SCD
exhibits a greater force coefficient than the inducer with an
SCD, with a maximum difference of 170% at a NPSH of
100 at all points for φ = 0.107.
Overall force coefficient again increases as flow coefficient decreases to φ = 0.097. The stabilizing effect of the
SCD is still evident and provides a force coefficient reduction up to 39% below the no SCD case.
Inducer forces increase by ∼ 110% with the decrease
in flow coefficient to φ = 0.07. At this flow coefficient, the
inducer with an SCD exhibits a 7% increase in force at an
NPSH > 400 over the inducer with no SCD. However, this
is not a direct comparison as the no SCD data point is at a
NPSH of 500, while maximum NPSH in the SCD curve is
384. If a full force curve of the no SCD case was possible
at this flow coefficient, it is likely that the force reduction
due to the SCD seen at φ = 0.107 and 0.97 would continue
for φ = 0.07.
The improved stability resulting from SCD implementation is directly related to the lack of backflow and the
removal of the tip vortex at the leading edge of the in6
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ducer [23], which are functions of flow diffusion as fluid
enters the inducer, also known as inlet diffusion [26]. Figure 6 shows dimensionless backflow upstream penetration
as a function of the cavitating area ratio (ARc ), which describes inlet diffusion while considering flow area reduction due to cavitation blockage [26]. At φ = 0.117, very
little backflow is evident and both SCD and no SCD geometries exhibit approximately the same upstream backflow penetration. This is expected, as the critical area ratio for which an inducer will begin to develop backflow is
1.5 [27, 28]. All points in Fig. 6 at φ = 0.117 are below the
critical AR, so backflow has not yet developed.
ARc increases to ∼ 1.55 at φ = 0.107, which is slightly
above the critical AR where backflow begins to develop.
More backflow is evident than seen at φ = 0.117, but upstream penetration is still low. Backflow generated in the
no SCD geometry penetrates up to 136% further upstream
than the SCD geometry. Additionally, the SCD seems to
generate a hard limit for backflow upstream propagation,
as backflow varies very little with ARc , which is not evident with the no SCD geometry. Backflow upstream propagation in the inducer with no SCD is highly dependent
on the amount of cavitation blockage in the throat, as upstream propagation varies significantly with small changes
in ARc . This trend carries over to φ = 0.097, where again,
the backflow in the SCD case varies little with cavitation
blockage and penetrates up to ∼ 139% less than is seen in
the no SCD case. It is also evident that the SCD significantly limits cavitation formation as ARc in the SCD case
is higher and more consistent than in the no SCD case. As
cavitation volumes increase, the effective flow area in the
inducer throat area is reduced, which decreases ARc .
A large increase in backflow upstream penetration is
seen in both cases at φ = 0.07, due to the increased inlet
diffusion described by a large increase in AR. SCD implementation at this flow coefficient limits backflow upstream
penetration up to 166%. Significant reductions in backflow
formation are evident with SCD usage at high AR, which
correspond to low flow coefficients.
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FIGURE 6: Upstream backflow penetration plotted as a

function of area ratio while considering the reduction in
flow area due to cavitation blockage. The SCD significantly limits backflow penetration at all flow coefficients
below φ = 0.117.

the simulation results deviate from experimental data, but
CRUNCH is able to reasonably simulate the inducer flow
field and model the thermodynamic effects of cavitation at
cryogenic temperatures.
Other work has shown SCD implementation can improve pump performance with water as a working fluid.
This work has shown that SCD implementation did not provide an improvement in pump head with liquid hydrogen at
flow coefficients near design. Only at very low flow coefficients (∼ 60% of design) did the SCD seem to provide an
increase in head over the inducer with no SCD. However,
the data set is incomplete, so the predicted SCD performance improvement must be verified and further quantified
with additional simulations as this work is still in progress.
The main benefit of SCD implementation in a liquid hydrogen inducer seems to be the reduction in upstream backflow penetration. At flow coefficients below
φ = 0.117, the SCD significantly repressed backflow formation which provides myriad benefits in a pump. The
SCD reduces cavitation which maintains a more consistent
effective flow area in the throat, resulting in a lower AR,
which corresponds to lower inlet diffusion which limits
backflow. The reduction in backflow formation decreases
structural forces on the inducer at all flow coefficients be-

CONCLUSIONS

This work explored the effects of implementing a
SCD in cryogenic liquid hydrogen. CRUNCH CFD was
shown to agree well with experimental data for non cavitating inducer performance. When considering cavitation,
7

low φ = 0.117, and is more apparent at flow coefficients
far below design. SCD implementation allows an inducer
to operate stably without backflow over a wider range of
flow coefficients than is possible with no SCD, even with
liquid hydrogen as the working fluid.
The benefits of employing an SCD in a pump system
have been the topic of many recent studies and are reasonably understood. However, none of these studies have used
liquid hydrogen, the actual working fluid to be used in these
pumps. While this is still a work in progress and needs
more simulations run at lower flow coefficients, some of
the benefits seen in water have been verified to carry over
to liquid hydrogen. SCD implementation is viable in realworld cryogenic pumps.
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